Light crude oil production is the most economical and is currently serving as benchmark together with medium crude oil. The most of the conventional oil fields in the worlds are either light or medium crude oil. Conventional inflow control devices (ICDs) are designed to delay water breakthrough but do not have the capability to control the water inflow after breakthrough. Autonomous inflow control devices (AICDs) are developed to choke the inflow of water after breakthrough has occurred.
Introduction
One of the major challenges that the oil industry faces today is early water breakthrough and high production of water from mature oil fields. Early water breakthrough can occur due to high frictional pressure drop in the well or due to high permeability zones or fractures in the reservoirs. This causes reduction of the oil production. In fact, some of the wells are shut down because of excessive water production.
There are different types of inflow control devices (ICDs) developed for delaying breakthrough of water and gas. They are designed to improve completion performance, the overall efficiency and the lifetime of the wells.
Conventional ICDs are designed to delay water or gas breakthrough but do not have the capability to control the water inflow after breakthrough. So, there is no solution other than to choke the entire flow from the system after a certain time. Hence, there has been various development in this inflow control technologies with the autonomous operation. Autonomous inflow control device (AICD) chokes the fluid flow into the wellbore from the high permeable zone after the water breakthrough, allowing normal oil production from the other zones. This will enhance the well performance and increases the recovery of oil from existing reservoirs.
The oil reservoirs will show different behaviors at different conditions and this will affect the well performance. The objective of this work is to perform near well simulations of oil production from light oil reservoir using different types of ICDs with water drive. The studied ICDs include conventional ICDs and autonomous inflow controllers.
Background
Presently, the conventional oil, which is referred to as light or medium oil is the benchmark of the crude oil. The crude like West Texas Intermediate (WTI) (API = 39.6), brent crude (API = 38.06) and Dubai crude (API = 31) serves as the benchmark crude across the globe. The light crude oil has low viscosity and flows freely at room temperature. It has low specific gravity because of low density. Light crude oils also have low wax content.
Heavy oils have low mobility due to its high viscosity. This makes transportation of heavy oils difficult. Extra costs will be added to make the heavy oil viable (Alomair et al, 2013) . It is also important to optimize the oil production and recovery from light oil reservoirs.
Inflow control technologies
An ICD is a well completion device used to choke the fluid flow entering the base pipe from the annulus. It is a passive inflow control device, i.e. it does not have any active parts, which can be controlled or modified to regulate the flow through it. ICD adds up an additional pressure drop across the completion and restricts the inflow along the well. Generally, all the ICDs are selfregulating in nature, as the settings cannot be changed after installation (Torbergsen, 2010) .
The higher flow rates from the high permeability zones cause early water breakthrough. The early water breakthrough can be delayed by having a higher flow restriction in high permeable zones. Further, ICD can produce at high rates from zones that have poorer production rate. This will increase the production and recovery (Fernandes et. al, 2009 ).
The common types of ICDs present in the industry use either friction or restriction to create a pressure drop across it. The most commonly used ICDs are presented in this section. Figure 1 shows the schematics of the channel type ICD that uses surface friction to develop the desired pressure drop. The fluid passes through a multi-layered screen into the annulus and enters the wellbore through the channels. The fluid is forced to change its flow direction several times, causing a pressure drop across it. The chances of erosion and plugging are low because of low fluid velocity. Channel ICDs are dependent on fluid viscosity. So, a large difference in oil and water viscosity after water breakthrough can cause nonuniform inflow to the wellbore (Fernandes et. al, 2009 ). 3.2 Orifice/nozzle type ICD Figure 2 shows the schematics of the orifice type of ICD that uses restriction of fluid flow to develop the desired pressure drop. Orifice ICDs are simple in design where the fluid passes through small diameter nozzles or orifices that create resistance. The pressure drop across the orifice ICD is instantaneous and is highly dependent on the density and velocity of the fluid. An orifice ICD is likely to have high sand erosion rate. The pressure drop across an orifice can be expressed by:
Channel type ICD
Where, C is the geometrical constant, is the fluid density and is the fluid velocity. This type of ICD is not dependent on fluid viscosity, thus ideal for applications where the viscosity sensitivity is low (Fernandes et. al, 2009 ). According to Fernandes et al., an ICD can work effectively when the frictional pressure drop across the wellbore is relatively high compared to the drawdown pressure. Fractured reservoir with long wells also favors the ICDs installations (Fernandes et. al, 2009 There has been new development on these ICVs to adjust the inflow autonomously. Autonomous technology can adjust their performance based on the wellbore dynamics. Autonomous inflow control device (AICD) are being developed by companies like Halliburton, Statoil and others. The autonomous inflow control device developed by Statoil is called Rate Controlled Production (RCP) devices. RCP is capable of that choking for low viscous fluids, and is allowing high viscous fluid to flow through it without any restriction (Halvorsen et al, 2012) . The AICD developed by Inflow control AS is called Autonomous inflow control valve (AICV). AICV is capable to restrict the influx of unwanted fluids. AICV can shut off unwanted fluids autonomously when there is viscosity change in the fluids.
Development of OLGA Rocx model
A simulation model was developed using OLGA-Rocx. The methodology adopted to build this dynamic reservoir-wellbore model is described along with a selection of different input parameters for the model.
Reservoir (Rocx) model
The reservoir dimensions are listed in Table 1 . The length is divided into 10 sections (99.2 m) with one AICD in each section. This is the equivalent AICD, representing 8 normal AICDs (12.4×8=99.2m). Generally, the normal AICDs are installed at a length of 12.4m of well. 
Width (y) 80
The horizontal well is located along the x-direction. The well location in y-z plane is shown in Figure 3 . The computational simulation should be accurate and time efficient. Finer grids and small-time steps give more accurate results but require a significant amount of time as well as computational resources. Finer mesh towards the well in y-direction was chosen with 29 elements. The simulation was done for 10 equivalents AICDs, hence the length was divided into 10 elements of constant size and the height was divided into 10 elements of constant size. The developed grid in threedimension is shown in Figure 4 . 
Fluid Properties
It is essential to know the Pressure Volume Temperature (PVT) relation of the fluids that is being used in simulations. The crude oils have a wide range of physical and chemical properties. One of the models used to estimate the PVT relations is the black oil fluid model. The black oil fluid model is a model that assumes that the oil components will always be in the liquid phase and does not evaporate at any conditions. The reservoir temperature is significantly lower than critical temperature and reservoir pressure is more than cricondenbar.
The black oil model was selected over the PVT table model in Rocx. The basic properties of light oil used for the simulation are presented in Table 2 . These values were considered at measured reservoir temperature of 100°C and pressure of 130 bar. Oil specific gravity 0.85
Gas specific gravity 0.64 GOR (Sm 3 /Sm 3 ) 150 This simulation was done with the bottom water drive. So, for simulation with water drive, two feed streams were defined for oil and water. These feed streams are presented in Table 3 . 
Reservoir properties
The porosity of the reservoir was taken as 0.3 and is constant throughout the reservoir. The permeability in each direction was defined by giving a value for each block in the reservoir in the respective direction. The simulated reservoir model based on the permeability profile were as follows:
• Fractured reservoir with a very high permeable zone • Heterogenous reservoir with one relatively high permeable zone and with one relatively low permeable zone • Homogenous reservoir The horizontal permeability was taken as 10 times higher than the vertical permeability in each block of the reservoir. The vertical permeability profiles of these reservoirs are shown in Figure 5 . 
Simulation
Initially, the black oil feed was defined as 100% oil and the reservoir were fully saturated with oil. The reservoir
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The boundary conditions are defined according to the well location in the reservoir. The feed is defined as the oil feed flowing in x-direction. The bottom water drive is defined accordingly and the main direction of flow is set in z-direction. The water drive temperature and pressure were also set to 100°C and 130 bar and the main direction of flow in the reservoir is set along zdirection.
The simulation was performed using a linear iterative solver named 'Linsolver'. The minimum time step was set to 100s and the maximum time step to 3600s, with an initial time step of 0.01s.
Development of wellbore model
Two pipes are taken to represents the well (Flowpath) and the annulus (Pipeline) of the flow system. The length of the well is 992m and diameter is 0.1m. The surface roughness was set to 5×10
-05 m and is divided into ten zones. Each zone is further divided into two sections. The details of two sections are presented in Figure 6 . The inflow from the reservoir source (Near-well source) enters the pipeline from section 1. Then this fluid passes through the inflow controllers into section 2. Now, this fluid enters the Flowpath at section 2 from the pipeline via leaks. The different zones of annulus were separated by means of a closed valve (opening = 0) which represents a packer. This packer ensures that there is no flow between the zones in the annulus section. Finally, the fluid from each zone is collected in the well and moves towards the heel section of the wellbore. The OLGA modules that were used to develop this model are presented in Table 4 . The boundary conditions at the end of Flowpath (heel) is set to 120 bar and 100C.
The AICD is a valve module controlled by a PID controller module. The control variable for this PID controller was in situ water cut percentage (75%) which was transmitted to the PID controller by the transmitter module in OLGA. The parameters of the PID controller are defined in Table 5 . 
Simulated cases
The three-main type of reservoir mentioned in Figure 5 are simulated with different inflow control technologies. The simulated types of inflow control technologies are presented in Table 6 . 
Simulation results
This chapter contains the simulation results for the different cases.
AICD and ICD performance in fractured reservoir
The accumulated oil and water are presented in Figure 7 for the cases mention in Table 6 . The case with AICD has the highest potential to reduce the water accumulation among the considered inflow control technologies. The ICD case with restriction gives less accumulation of water compared to normal ICDs. The accumulated oil and water volume with different inflow control technologies are presented in Table 7 . The results are obtained after 400 days of production. These data show that the well with non-uniform ICDs can be a good choice to reduce the accumulated water. The restriction imposed on the high permeability zones, reduces the water accumulation by 30% compared to normal ICDs. However, the autonomous device gives remarkably higher potential of reducing the water influx. The AICDs produces 82% less water compared to the normal ICDs. The use of both AICD and the non-uniform ICD have decreased the water production as well as oil production.
As both AICD and non-uniform ICD have reasonable potential to control water inflow causing a slight change in oil production, they have to be studied further depending on the types of applications. The liquid flow rates with different inflow control technologies for the fractured reservoir are presented in Figure 8 . There are significant changes in the oil and water flow rates throughout the production time. This illustrates the features of the different inflow controllers. According to Figure 8 , initial water breakthrough occurs on day 9 of production for the cases with AICD and normal ICD. Once the water is produced, the oil volume flow rate decreased significantly. By installing a higher restrictive ICD with higher pressure drop, in the high permeable zone, the first water breakthrough has been delayed to 76 days of operation which is the same as the second water breakthrough for the two other cases. The oil production has also been reduced due to the introduction non-uniform ICDs. Table 8 shows the accumulated oil after the first and second water breakthrough. The accumulated oil with AICD is slightly less than that of normal ICD at the time of the second breakthrough because of the closure of the autonomous device in the fractured zone. It can be seen that the non-uniform ICD model has the capability to delay water breakthrough by 67 days in this reservoir. This is the most positive features of this model, while its inability to restrict water influx after breakthrough is the drawback. It is challenging to find the precise location of the high permeable zone, and therefore there would be a high risk installing restrictive ICDs. Figure 8 shows that the restrictive ICD model has been able to delay the water breakthrough significantly. However, the accumulated water goes on increasing after breakthrough occurred. This indicates that the autonomous model has large benefits compared to other models.
AICD and ICD performance in homogeneous reservoir
The liquid flow rates for the homogeneous reservoir with vertical permeability of 1000 mD are presented in Figure 9 . The oil volume flow increases continuously and reaches 456 Sm 3 /d just before the water breakthrough. After the water breakthrough at 75 days, the oil volume flow decreases and the water volume flow increases. There has been a continuous decrease of the oil flow rate and increase of the water flow rate after breakthrough for the ICD case. The flow rates for the AICD case are heavily reduced after closing of the valves.
The frictional pressure drop along the wellbore was observed to be around 0.2 bar just before the water breakthrough. The rather low frictional pressure drop causes water breakthrough at about same time in all the zones. The use of the autonomous device is not so significant because of closure of all the AICDs within a short time interval. Figure 10 shows the accumulated liquids for the homogeneous reservoir. There has been a continuous increment of the accumulated oil with ICD while it drops for the case with AICD after closing the valves. Once the water breakthrough has started, accumulated water is also increasing continuously for the ICD. The autonomous inflow controllers are able to reduce the water significantly. Although there has been a reduction in accumulated oil, the accumulated water reduces by 80% with the use of autonomous devices.
AICD and ICD performance in heterogeneous reservoir
An intermediate reservoir between the homogeneous and fractured reservoir was also simulated. It has one zone with relatively high permeability and one zone with relatively low permeability compared to the rest of the zones. The liquid flow rates at standard conditions are presented in Figure 11 . The plots show that the oil volume flow reaches a maximum value of 1156 Sm 3 /d and decreases considerably once the water breakthrough has occurred. The water breakthrough occurred on day 25 from the start of the operation. The closing of the first valve is in the high permeability zone.
There is a reduction of liquid flow rates after the autonomous devices have been shut off. The water volume flow increases continuously and reaches around 3200 Sm 3 /d with the use of ICD. This, in turn, gives high accumulation of water as presented in Figure 12 . Figure 12 shows the accumulation of oil and water for the heterogeneous reservoir. The accumulation of oil is reduced with the use of autonomous devices compared to that of ICDs. However, the accumulation of water decreases significantly by around 88% after 400 days of operation. Proceedings of the 58th SIMS September 25th -27th, Reykjavik, Iceland
Effects of different model parameters

Oil viscosity
This simulation was performed to see the effect of changing the oil viscosity in the model. Light oils with oil viscosity of 3 cP, 1.5cP, and 0.8 cP were studied. The simulations were done with AICD for light oil in the fractured reservoir. The oil and water flow rates at standard condition are presented in Figure 13 . The graphs show that the oil volume flow increases with the decrease of oil viscosity. The water breakthrough was observed earlier for the lesser light oil. The oil volume flow for the less light oil decreases more compared to others after water breakthrough.
The mobility ratio of oil with respect to water is given by:
This shows that, for a constant relative permeability of oil, water, and constant viscosity of water inside a reservoir, the mobility ratio is directly proportional to oil viscosity. As the oil viscosity decreases, the mobility ratio will decrease. And the expression for the definition of mobility ratio is given by:
Hence, the mobility of oil increases with the reduction of the mobility ratio. This is illustrated in Figure 13 The oil volume flow after the closing of the autonomous valves is almost the same for all the cases as they all have the same minimum opening when the valve is in closed positions.
Mesh size
This study was done to see the effects of changing the mesh size of the simulated reservoir. It can be argued that the finer grid gives more accurate results than the coarse grid. The grid along the y-direction was already finer close to the wellbore. It is interesting to see the results with finer grids in the x-direction also. Therefore, the mesh size in the x-direction is reduced to half the original size. This simulation was done with AICD for light oil in the fractured reservoir. Figure 14 shows the liquid flow rates at standard conditions with two different mesh sizes along the flow direction. However, the flow rates after the closure of AICD is the same for both the cases. It can be argued that the overall flow rate is insignificantly sensitive to the mesh sizes which is the good features of this model.
Conclusion
Near-well simulations using the OLGA-Rocx simulation software are performed during this study. Early water breakthrough occurred due to the fractures or the heterogeneity in the reservoirs. The water breakthrough from the fractured, heterogeneous and homogenous light oil reservoirs is observed after 9, 25 and 75 days of production respectively. The non-uniform ICDs has the ability to delay the early water breakthrough. The restriction introduced on an ICD at the high permeable zone of the light oil reservoir is able to delay the initial water breakthrough from day 9 to day 76. The main drawback of this case is the high installation risks as it is difficult to pre-locate the fractured zones inside a reservoir. The restrictive ICD will reduce the oil production if installed in zones other than the high permeable zones.
The frictional pressure drop along the well is around 0.1 bar for homogeneous reservoir causing almost same production in all zones of the well. The water breakthrough occurred at about same time along the whole well and all the AICDs closed during a short time interval. Therefore, the effects of AICDs are less significant in the homogeneous reservoir.
From the above simulations results, water accumulation can be reduced by the use of AICDs or the non-uniform ICDs. After a specified amount of water associated with the flow, AICD choked the total flow entering the wellbore. AICDs are better to limit the water accumulation and the water production was reduced with 88% compared to the normal ICDs in the heterogeneous reservoir. The water accumulation in the fractured reservoir reduced significantly by around 82% and oil accumulation by 29% by the use of AICD compared to normal ICDs. The production from the high permeability zones is choked locally by using AICDs, allowing normal oil production from the other zones. Therefore, AICDs are better suited for heterogeneous and fractured reservoirs.
The oil volume flow increased with the decrease of oil viscosity. This is due to the higher mobility of oil. For the same relative permeability, there is around 47% increase in oil flow rate with the decrease of oil viscosity from 3 cP to 1.5 cP and 120 % increase in oil flow rate with the decrease of oil viscosity from 3 cP to 0.8 cP after 10 days. The oil volume flow and water volume flow are almost the same with doubling the number of the grid along the well. Thus, confirming that the developed model is insignificantly sensitive to the mesh sizes in the well direction.
This study shows that the oil reservoirs behaves different at different reservoir conditions. The functionalities of different inflow controllers are different and show their unique characteristics.
